INTRODUCTION
Motor skill learning is essential for optimizing behavior (Hikosaka et al., 2013) and is impaired in individuals with action control disorders like Huntington's and Parkinson's diseases (Heindel et al., 1988; Stefanova et al., 2000; Wu et al., 2015) . During skill learning, neural control of actions is believed to shift from associative corticostriatal circuits, composed of neuronal inputs from prefrontal cortices to the dorsomedial striatum (DMS), to sensorimotor corticostriatal circuits, composed of neuronal inputs from sensorimotor cortices (e.g., M1) to the dorsolateral striatum (DLS; McGeorge and Faull, 1989; Haber and Gdowski, 2003; Miyachi et al., 1997 Miyachi et al., , 2002 Graybiel, 2008; Yin et al., 2009; Doyon et al., 2009 ). Prominent models of skill learning posit that a serial transfer of neural activity from associative to sensorimotor circuits underlies this shift in neural control (Miyachi et al., 2002; Lehé ricy et al., 2005; Floyer-Lea and Matthews, 2005; Lohse et al., 2014) . Indeed, several studies using functional magnetic resonance imaging (fMRI) or neuronal unit recordings from various nodes within rodent corticostriatal circuits report that associative brain regions are preferentially active and functionally connected during early action learning (Poldrack et al., 2005; Coynel et al., 2010; Yin et al., 2009) , whereas sensorimotor brain regions are preferentially active and functionally connected when actions are refined into skills (Miyachi et al., 2002; Yin et al., 2009; Jueptner et al., 1997a Jueptner et al., , 1997b Lehé ricy et al., 2005; Floyer-Lea and Matthews, 2005; Koralek et al., 2013) . Alternative models propose that the two circuits are simultaneously engaged during learning, show concurrent learning-related neural plasticity, and dynamically compete for control of performance (Yin et al., 2009; Thorn et al., 2010; Thorn and Graybiel, 2014; Bassett et al., 2015) . These discrepancies likely stem from a reliance by both models on measures of regional activity and statistical coherence that cannot resolve the activity dynamics of discrete, anatomically defined projections. Thus, tracking real-time, learning-related changes in the activity of associative and sensorimotor cortical inputs to striatal subregions will refine and help disambiguate the circuit basis of action learning.
Similarly lacking from neural models of skill learning is an account of complex modulation of presynaptic function. Glutamate release from corticostriatal terminals, known to drive activity in striatal medium-sized spiny projection neurons (Wilson, 1995) , is potently modulated by various presynaptic signaling and plasticity processes (Calabresi et al., 1990; Lovinger, 1991; Atwood et al., 2014; Park et al., 2014) . Ex vivo electrophysiology and gene deletion studies predict roles for inhibitory plasticity of corticostriatal terminals in skill learning (Yin et al., 2009; Kheirbek et al., 2009; Hawes et al., 2015) . However, monitoring presynaptic function in discrete corticostriatal projections in vivo during learning is required to test these predictions and advance a more anatomically and physiologically constrained view of how cortex communicates with striatum to encode action learning.
RESULTS

Fiber Photometry to Assess In Vivo Activity of Corticostriatal Inputs
We designed novel in vivo fiber photometry (Cui et al., 2013 (Cui et al., , 2014 Gunaydin et al., 2014) approaches to assess projectionspecific presynaptic activity dynamics of corticostriatal inputs during skill learning. We injected adeno-associated viruses (AAVs) encoding a Cre recombinase-dependent form of the genetically encoded Ca 2+ indicator GCaMP6s into either the medial prefrontal cortex (mPFC) or the M1 of mice expressing Cre under the control of the Emx1 promoter (Emx1::Cre mice). GCaMP6s was thus expressed in mPFC or M1 pyramidal neurons and their dorsal striatal inputs, which preferentially innervate the DMS or DLS, respectively (Figures 1A and 1B) . An optical fiber was implanted into the DMS or DLS to simultaneously deliver blue excitation light and collect GCaMP6s fluorescence from associative (mPFC-DMS) or sensorimotor (M1-DLS) inputs ( Figure S1 ). Fluorescence was directed into a polychromator and 16-channel photomultiplier array coupled to a time-correlated single-photon counting (TCSPC) module to quantify bulk fluorescence across a range of wavelengths (Cui et al., 2013 (Cui et al., , 2014 Figures 1C and 1D) . Experiments using photometric recordings of ex vivo fluorescent brain tissue determined that fluorescence detected by our fiber photometry system derives from a brain volume of $0.02 mm 3 ($450 mm from tip of fiber, $375 mm at base of detection cone) that enables selective sampling from discrete striatal and cortical brain areas ( Figures 1E-1I ).
In freely moving mice showing GCaMP6s expression in mPFC-DMS or M1-DLS corticostriatal inputs, we commonly observed sustained movement-related changes in fluorescence intensity ( Figure 2A ). Changes were more prominent in spectral channels comprising the peak of the GCaMP6s spectra than in off-peak channels and were absent in mice expressing enhanced green fluorescent protein (eGFP) or in wild-type mice. Thus, these fluorescence changes are unlikely to reflect motion-related artifacts. Supporting the activity dependence of these fluorescent changes, isoflurane anesthesia reversibly reduced basal GCaMP6s fluorescence and GCaMP6s fluorescent events in presynaptic corticostriatal inputs (Figure 2B; Figure S2A) . Moreover, local pharmacological manipulation of mPFC or M1 activity by microinfusion of picrotoxin or lidocaine bidirectionally altered GCaMP6s fluorescence in mPFC-DMS or M1-DLS inputs of freely moving mice (Figures 2C-2F ; Figures  S2D-S2J ). Together, these data and our previously reported brain slice photometry findings indicate that changes in GCaMP6s fluorescence from presynaptic corticostriatal elements represent Ca 2+ dynamics that serve as a proxy for in vivo presynaptic activity.
Corticostriatal Inputs Are Engaged during a Motor Task
To examine the relationship between corticostriatal input activity and motor actions, we measured GCaMP6s fluorescence in mPFC-DMS and M1-DLS inputs while mice performed on the accelerating rotarod. GCaMP6s fluorescence increased in both inputs when mice were placed on the rotating rod, generally intensified as the rod accelerated from 4 to 40 revolutions per minute (rpm), causing mice to make progressively faster stepping movements, and returned to baseline after mice fell off the rod (Figures 2G-2J ; Figures S2B and S2C ). This increase in fluorescence was selective for wavelengths within the GCaMP6s spectrum and absent in eGFP-expressing mice, indicating that rotarod performance is associated with increased activity of both mPFC-DMS and M1-DLS inputs. We will subsequently refer to this performance-related increase in activity as ''engagement.'' To probe the activity-related properties of the presynaptic signals that we observed during performance, we conducted simultaneous in vivo photometry and extracellular field recordings from anesthetized mice (Figure 3 ; Figure S3 ). mPFC or M1 electrical stimulation evoked increases in GCaMP6s fluorescence in mPFC-DMS or M1-DLS inputs that responded dynamically (and comparably) to changes in stimulation intensity, frequency, and duration. Notably, sustained 5-10 Hz stimulation of mPFC or M1 evoked sustained fluorescence increases in mPFC-DMS or M1-DLS inputs that closely mimicked those seen during rotarod performance (Figures 2G, 2H, 3G, and 3H; Figures S3C and S3D) .
Corticostriatal Inputs Show Parallel, but Dissociable, Engagement across Skill Learning
To assess how movement-related activity of corticostriatal inputs changed with skill learning, we trained mice expressing GCaMP6s or eGFP in mPFC-DMS or M1-DLS inputs on the rotarod for 10 trials/day for 5 days and simultaneously recorded changes in task-related fluorescence. This training paradigm produces a characteristic pattern of motor skill learning, as evidenced by rapid increases in latency to fall off the rotarod across trials on day 1 and slower, incremental increases in latency to fall across days 2 to 5 (Figures 4A and 4D; Costa et al., 2004; Yin et al., 2009 ). High-speed video analysis of foot position confirmed that increases in latency to fall are accompanied by increases in average foot height (i.e., learned ability to remain atop the rotating rod) and reductions in foot height variability, consistent with the acquisition of a refined motor skill (Figures S4A-S4D ; Cao et al., 2015) . Importantly, mice targeted for photometric recordings of GCaMP6s or eGFP in mPFC-DMS or M1-DLS inputs performed indistinguishably on the rotarod ( Figures S4E-S4G ), consistent with immunohistochemical and whole-cell electrophysiology experiments demonstrating that GCaMP6s expression induced no overt neuronal toxicity ( Figure S5 ).
Photometric recordings of task-related GCaMP6s fluorescence during rotarod learning revealed that mPFC-DMS inputs were weakly engaged during initial trials on day 1 of training (''naive'' stage) but rapidly increased and peaked in their taskrelated engagement by the final trials of day 1 (''early'' stage; Figures 4B, 4C, and 4K) . Interestingly, the magnitude of task-related fluorescence in these inputs rapidly decreased on day 2 of training, indicating ''disengagement'' of these afferents. This decrease persisted into the final trials of day 5 (''late'' stage; Figures 4B, 4C, and 4K) . M1-DLS inputs, however, were strongly engaged during the naive and early learning stages and incrementally disengaged across training (Figures 4E, 4F, and 4K) . Importantly, learning-related reductions in the magnitude of task-related fluorescence could not be attributed to bleaching or loss of GCaMP6s expression over the training period (Figures 4G and 4H; Figures S4H and S6) and were indistinguishable in male and female mice ( Figure 4I ) and in left and right (D) 3D time-resolved spectrum obtained using TCSPC module from a mouse expressing GCaMP6s in sensorimotor inputs.
(E-G) Diagram (left) and results (right) of experiments using fluorescent brain tissue of mice expressing GFP in dopamine D2-receptor-expressing neurons (n = 5 D2R::GFP mice per experiment) designed to estimate the maximum depth of detection of the fiber photometry system (E), estimate the width of the detection cone of the photometry system (F), and assess any contribution of striatal fluorescence to signal detected from within cerebral cortex (G). See STAR Methods for full description. Fluorescence was derived from the same spectral channels used to detect peak hemispheres ( Figure 4J ). To directly compare activity profiles of these inputs, we normalized data from each mouse to its peak trial activity. Although differentially engaged at various stages of action learning, mPFC-DMS and M1-DLS inputs were substantively coactive, and both disengaged as actions were learned ( Figure 4L ). Together, these data provide direct evidence that associative and sensorimotor inputs show parallel (but dissociable) activity dynamics and concurrently engage their striatal targets at many stages of action learning (Thorn et al., 2010; Thorn and Graybiel, 2014; Bassett et al., 2015; Costa et al., 2004) . Moreover, both inputs reduce their activity, albeit with different time courses and to different extents, as skilled actions are learned (Wu et al., 2004 (Wu et al., , 2008 Gobel et al., 2011; Mazzoni, 2008; Kawai et al., 2015) . To further probe the relationship between corticostriatal input activity and skill learning, we assessed learning-related changes in the slopes of the mPFC-DMS and M1-DLS fluorescent signals during rotarod performance ( Figures S7A-S7F ). The fluorescence during task performance generally showed an upward slope that was strongest in the early stages of skill learning and showed reductions with training in both pathways . mPFC-DMS input signals showed a modestly more rapid reduction in slope following early learning than M1-DLS input signals ( Figure S7C ). To assess whether the slopes of the signals of mPFC-DMS and M1-DLS inputs related to acceleration of the rotarod, we trained a subset of GCaMP6s-expressing mice previously trained for 5 days on the 4-40 rpm paradigm on ''double acceleration'' (8-80 rpm) and ''no acceleration'' (25 rpm) paradigms. Slopes of M1-DLS input signals were selectively enhanced when rotarod acceleration was increased to 8-80 rpm ( Figures S7D-S7F) . Notably, slopes of the fluorescent signals in mPFC-DMS and M1-DLS inputs induced by sustained electrical stimulation of cortex in anesthetized mice varied more by stimulation frequency (which controls frequency of afferent firing) than current intensity (which controls the extent of activated cortical tissue; Figures 3G and 3H; Figures S3C and S3D) . This suggests that the upward slope observed during behavior depends on the frequency of afferent activation and changes in slope seen across skill learning or different acceleration paradigms may predominantly reflect changes in the patterning of activity in a population of striatal-projecting cortical neurons rather than changes in the proportion of task-activated corticostriatal neurons (see Costa et al., 2004) .
Corticostriatal Input Dynamics Differentially Predict Skill Learning
We next assessed whether training-related changes in corticostriatal input activity correlated with skill learning. Input engagement within day 1 and disengagement across days 1 to 5 were uncorrelated with coincident improvements in performance (Figures 5A and 5B). However, the magnitude of disengagement of mPFC-DMS inputs immediately following early training was predictive of higher performance gains across subsequent training ( Figure 5C ). Moreover, the rate of disengagement of mPFC-DMS inputs positively correlated with the rate at which individual mice achieved their maximum performance ( Figure 5D ). These findings indicate that activity of mPFC inputs to the DMS may help to gate the transition from unskilled to skilled actions, perhaps by impeding access of sensorimotor circuits to the control of skilled performance (Yin et al., 2009; Thorn et al., 2010; Thorn and Graybiel, 2014; Bassett et al., 2015) .
Establishing Feasibility to Monitor Real-Time Presynaptic Modulation during Skill Learning
Given that corticostriatal projections show forms of presynaptic modulation that have been implicated in skill learning (Yin et al., 2009; Park et al., 2014; Kheirbek et al., 2009; Hawes et al., 2015) , we next sought to assess whether the learning-related changes in the presynaptic activity we observed reflect broader circuit-level changes in the engagement of the corticostriatal projections or modulation at corticostriatal terminals specifically. To do so, we monitored upstream somatic activity of cortical neurons giving rise to associative and sensorimotor projections during skill learning. Differential changes in the average somatic and presynaptic activity of these projections could provide evidence of real-time presynaptic modulation during skill learning.
We first assessed our ability to measure task-related changes in GCaMP6s fluorescence in projection neurons in cortex. Specifically, we injected AAV1.CAG.FLEX.GCaMP6s virus into M1 of mice expressing Cre under the control of the Rbp4 promoter (Rbp4::Cre mice), resulting in GCaMP6s expression in a broad population of layer V M1 pyramidal neurons. We then implanted these mice with an optical fiber in M1 ( Figure 6A ). Photometric recordings from these mice provided a proxy for ''somatic'' activity (i.e., Ca 2+ dynamics in local M1 somata, dendrites, and [presumably to a lesser degree] axon terminals). The signals recorded from ''M1 Rbp4 somata'' constituted slow, sustained fluorescence increases that closely resembled our presynaptic recordings, often with superimposed discrete fluorescent transients ( Figure 6B ; Figures S4I-S4K ). Performance on the rotarod ( Figure S4G ) caused task-related increases in GCaMP6s fluorescence in M1 Rbp4 somata (Figures 6B-6D ). As seen in M1-DLS inputs, M1 Rbp4 somata showed robust engagement during initial rotarod trials. In contrast, however, M1 Rbp4 somata showed no significant reduction of task-related activity after 5 days of training ( Figures  6B-6D) .
To assess the activity-related properties of the somatic fluorescence signal we observed during performance, and to probe whether somatic and presynaptic recordings yield comparable activity-related nonlinearities that warrant their direct comparison, we conducted in vivo photometry recordings from anesthetized mice expressing GCaMP6s in M1 Rbp4 neurons. As seen in M1-DLS inputs, M1 Rbp4 somata showed fluorescence changes that responded dynamically to changes in the intensity, frequency, and duration of local M1 electrical stimulation (Figures 6E and 6F; Figures S3E and S3G) . Sustained 10-20 Hz stimulation of M1 evoked sustained fluorescence increases in M1 Rbp4 somata that closely mimicked those seen during rotarod performance (Figures 6D-6F ; Figures S3I and S4I) . Moreover, although smaller and more variable due to their higher propensity for spontaneous discrete fluorescent transients, M1 Rbp4 somatic signals displayed activity-related nonlinearities that resembled those seen in presynaptic recordings of M1-DLS inputs from these same mice ( Figure 6F ; Figures S3F, S3H, and S3J) and GCaMP6s-expressing Emx1::Cre mice ( Figures 3D, 3F , and 3H; Figure S3D ). Together, these data demonstrate that photometric signals from cortical somata and striatal inputs respond proportionately to changes in activity, justifying our efforts to compare their task-related activities and test for any divergences across skill learning.
Monitoring for Real-Time Presynaptic Modulation during Skill Learning
Having established this proportionality, we next sought to assess learning-related changes in the somatic activity of DMS-and DLS-projecting mPFC and M1 neurons and compare these changes to those seen in mPFC-DMS and M1-DLS inputs. Despite the seeming elegance (i.e., within-subjects design) of expressing GCaMP6s in mPFC or M1 pyramidal neurons, implanting fibers into both the striatum and cortex of the same mouse, and recording from both sites simultaneously, this approach would unsatisfyingly compare a target-defined set of striatal inputs with a mixed population of target-undefined cortical pyramidal neurons.
Therefore, we used a dual-virus approach to selectively monitor the activity of cortical neurons that innervate a particular discrete striatal subregion. By injecting a Cre-encoding herpes simplex virus (HSV) that retrogradely transports from presynaptic terminals to somata (Gremel et al., 2016) into the DMS and a Cre-dependent GCaMP6s virus into the mPFC of wild-type mice, we selectively expressed GCaMP6s in DMS-projecting mPFC neurons that give rise to mPFC-DMS inputs (referred to as mPFC-DMS somata). Similarly, by coupling HSV-Cre virus in the DLS with Cre-dependent GCaMP6s virus in M1, we selectively expressed GCaMP6s in DLS-projecting M1 neurons that give rise to M1-DLS inputs (M1-DLS somata; Figures 7A and 7E; Figure S1 ). Optical fibers were implanted into the mPFC or M1 to assess activity of mPFC-DMS or M1-DLS somata during skill learning (Figures 7A and 7E; Figures S1, S4F, and S4G) . mPFC-DMS somata were slowly engaged across training on day 1 and rapidly disengaged from day 2 onward (Figures 7B-7D ; Figure S7G ). Activity of M1-DLS somata rapidly diminished across training on day 1 and remained low across subsequent training days (Figures 7F-7H ; Figure S7H) . Notably, the learning-related reduction in engagement of M1-DLS somata differed from the sustained engagement of the broader, target-undefined population of layer V pyramidal somata recorded in M1 of Rbp4::Cre mice ( Figures 6C and 8A ). This divergence could not be accounted for by between-group differences in rotarod performance ( Figure S4G ) or by obvious differences in the activity dependence of the fluorescent signals of the two cortical neuron populations, as they responded comparably to sustained electrical stimulation in anesthetized mice ( Figures S3I-S3L) . Therefore, this finding provides evidence that different populations of M1 neurons dissociated by their downstream target may differentially encode skill learning and suggests a preferential learning-induced disengagement of striatal-projecting M1 neurons (see Costa et al., 2004; Masamizu et al., 2014) .
Largely consistent with learning-related patterns of mPFC-DMS and M1-DLS input activity, direct comparison of the somatic activity patterns of these pathways revealed that mPFC-DMS somata peaked in their engagement after initial action learning, whereas M1-DLS somata engagement peaked during initial performance ( Figure 8B ). However, to formally assess whether the activity of corticostriatal somata and presynaptic inputs changed differently with skill learning, we normalized data from each mouse to its peak trial somatic or presynaptic activity. Interestingly, mPFC-DMS somata were slower to reach peak engagement during early learning than were presynaptic mPFC-DMS inputs ( Figure 8C ). M1-DLS somata were more rapidly disengaged during early learning than presynaptic M1-DLS inputs ( Figure 8D ). Importantly, these differing time courses of somatic and presynaptic engagement could not be accounted for by differences in rotarod performance between any of the groups ( Figure S4F ). Therefore, these findings provide intriguing in vivo evidence consistent with local, real-time potentiation of presynaptic Ca 2+ -related corticostriatal function during action learning ( Figure 8E ).
DISCUSSION
Here we probed the endogenous in vivo activity dynamics of discrete, anatomically defined corticostriatal projections in freely moving mice during skill learning. We showed that associative and sensorimotor inputs are concurrently active during the selection and shaping of novel actions and reduce their activity in a dissociable manner as actions are refined into skills. Disengagement of associative inputs selectively predicted individual differences in subsequent skill learning. We further showed neuronal compartment-specific activity that is consistent with a role for potentiated presynaptic corticostriatal function in vivo during action learning.
The parallel activity dynamics we observed in mPFC-DMS and M1-DLS inputs as mice refined their performance on the accelerating rotarod challenge models proposing a simple, serial transfer of activity from associative to sensorimotor circuits across skill learning (Miyachi et al., 2002; Lohse et al., 2014; Lehé ricy et al., 2005; Floyer-Lea and Matthews, 2005) . Indeed, by probing previously inaccessible aspects of corticostriatal activity, we revealed that key projections within the two circuits are concurrently engaged at many stages of learning to shape striatal plasticity and output ( Figure 8E ). Our finding that mPFC-DMS inputs and somata are preferentially engaged in early stages of skill learning advances the view that cognitive and attentional control networks help to encode early action learning but diminish their involvement as actions become well learned (Kelly and Garavan, 2005; Lohse et al., 2014; Bassett et al., 2015; Wu et al., 2004 Wu et al., , 2008 . Moreover, this transient engagement of mPFC-DMS projection neurons may underlie the preferential engagement of the associative striatum (DMS/caudate) seen during early skill learning across species using fMRI and neuronal unit recordings (Miyachi et al., 2002; Yin et al., 2009; Kelly and Garavan, 2005; Lohse et al., 2014) . However, the pattern of strong initial engagement and subsequent disengagement of M1-DLS projections runs counter to reports of heightened task-related activity in the sensorimotor striatum (DLS/putamen) in late stages of procedural learning (Miyachi et al., 2002; Yin et al., 2009; Lohse et al., 2014; Lehé ricy et al., 2005; Floyer-Lea and Matthews, 2005) and therefore calls for refinement of a prominent conceptualization of the neural basis of skill learning.
Reconciling diminished sensorimotor cortical drive with such reports of heightened postsynaptic and regional striatal activity late in action learning likely implicates postsynaptic potentiation within the sensorimotor striatum (Yin et al., 2009; Dang et al., 2006; Wu et al., 2008 Wu et al., , 2015 . Indeed, reduced presynaptic sensorimotor input activity concurrent with postsynaptic potentiation is consistent with reports that M1 ''tutors'' subcortical circuits to more autonomously mediate the execution of learned motor sequences (Kawai et al., 2015) . Moreover, such a combination of physiological processes aligns well with reports of reduced overall brain activity and enhanced sensorimotor network connectivity that develops across the learning of a refined motor skill (Coynel et al., 2010; Koralek et al., 2013; Bassett et al., 2015; Wu et al., 2004 Wu et al., , 2008 Wu et al., , 2015 . Future studies probing the real-time activity of other striatal inputs (e.g., from somatosensory cortex, thalamus; for anatomical review, see McGeorge and Faull, 1989; Smith et al., 2004 ) may also reveal a contribution for other sources of excitatory drive over the sensorimotor striatum late in skill learning.
Although both mPFC-DMS and M1-DLS projections show pronounced disengagement across skill learning, mPFC-DMS input disengagement selectively correlated with and predicted the rate and extent of this learning. Resonant with the notion that excessive and prolonged cognitive control of performance can impede efficient learning (Otto et al., 2015; Thompson-Schill et al., 2009) , these findings suggest that activity of mPFC inputs to the DMS may help to gate the transition from unskilled to skilled performance. Relatedly, a recent human fMRI study showed that reductions in the integration of frontal and cingulate cortical networks during training of a motor skill predict individual differences in the rate of motor learning (Bassett et al., 2015) .
The predictive relationship between mPFC-DMS input disengagement and skill learning provides important insight into the neural control of actions. Specifically, it suggests that the influence of associative inputs on action learning is transient, predominantly occurs early in learning, and modulates improvements in performance, likely via dynamic interaction with sensorimotor and other circuits. Indeed, the strong performance-related activity in M1-DLS inputs suggests that sensorimotor circuits also serve important roles during early learning (see also lesion studies from Yin et al., 2009 ). Thus, our findings do not provide direct support for the view that neural control of actions shifts from associative to sensorimotor circuits across learning (Miyachi et al., 2002; Graybiel, 2008; Yin et al., 2009) or that the two circuits necessarily compete for control of actions (Yin et al., 2009; Thorn et al., 2010; Thorn and Graybiel, 2014) . In fact, no correlation was observed between M1-DLS input activity dynamics and rotarod performance. Thus, no evidence of such a shift or competition is borne out by our data. Moreover, the predominantly parallel dynamics we report within these discrete circuits indicate that any shift of neural control or competition that does occur between associative and sensorimotor circuits does not manifest as opposing patterns of corticostriatal input activity.
Corticostriatal inputs are potently modulated at the level of their presynaptic terminals (Calabresi et al., 1990; Lovinger, 1991; Atwood et al., 2014; Park et al., 2014) , and several of these modulatory processes have been implicated in action learning (Yin et al., 2009; Kheirbek et al., 2009; Hawes et al., 2015) . Thus, we sought to probe for presynaptic modulation of corticostriatal projections in vivo during action learning. To do so, we monitored task-related changes in GCaMP6s fluorescence across rotarod learning from four interrelated cellular targets: DMS-targeting somata in mPFC, DLS-targeting somata in M1, mPFC-derived inputs to DMS, and M1-derived inputs to DLS. We then compared the relative dynamics of their fluorescent signals across learning. Because (1) the somatic and presynaptic photometric signals are reliable proxies for neuronal activity (Figures 2 and 3 ; Chen et al., 2013; ; (2) the presynaptic signals are causally linked to activity of their upstream somata ( Figures 2C-2F and 3) ; (3) the somatic and presynaptic signals respond proportionally to changes in activity (Figures 3 and 6F ; Figure S3) ; and (4) many forms of presynaptic plasticity or modulation at corticostriatal inputs involve changes in presynaptic Ca 2+ that could be detected by photometry Park et al., 2014; Huang et al., 2001) , we reasoned that divergence of the somatic and presynaptic signals across training may reflect learning-related presynaptic plasticity or modulation that alters the coupling of somatic to presynaptic activity.
We found that over extended periods of training, somatic and presynaptic signals within mPFC-DMS and M1-DLS projections showed comparable reductions in engagement, suggesting that both projections show overall (i.e., cortical and striatal) disengagement across action learning. In addition, presynaptic mPFC-DMS inputs were faster to reach peak engagement during early learning than were mPFC-DMS somata, and presynaptic M1-DLS inputs were slower to disengage during early learning than M1-DLS somata. These findings reveal a divergence of task-related somatic and presynaptic activity in both associative and sensorimotor projections during early action learning that is consistent with the occurrence of learning-related in vivo potentiation of presynaptic Ca 2+ -related corticostriatal function.
Although many mechanisms could mediate this effect, including learning-related changes in striatal microcircuits that impinge on presynaptic corticostriatal function (Lovinger, 2010; Girasole and Nelson, 2015; Logie et al., 2013; Blomeley et al., 2015) , one particularly intriguing mechanism may involve training-induced presynaptic corticostriatal NMDA receptor-mediated Ca 2+ influx and plasticity.
Indeed, corticostriatal inputs exhibit forms of synaptic potentiation following learning-related patterns of activity (DeCoteau et al., 2007; Tort et al., 2008) that are mediated by enhanced presynaptic Ca 2+ influx via NMDA receptors (Park et al., 2014) and comparable forms that are altered in ex vivo brain slices from rodents in early phases of procedural training (Hawes et al., 2015) .
One notable consideration when interpreting our observed divergence of somatic and presynaptic activity across learning as evidence of presynaptic modulation is whether we are sampling from adequately comparable populations of corticostriatal neurons in our somatic and presynaptic recordings. We believe this to be the case (within current technological limitations), since in both the somatic and presynaptic preparations, we are labeling and targeting neurons (with virus and fiber placement) on the basis of their discrete corticostriatal connectivity. Future advances in sensitivity/resolution of fluorescence detection/imaging permitting within-animal simultaneous recording from striatal target-defined cortical somata and their precise striatal presynaptic inputs may enable more direct testing of this point. A second consideration is whether divergence of the somatic and presynaptic signals across action learning could reflect a change in the population of action-encoding neurons that is averaged differently by our bulk fluorescence measures in cortex and striatum. We believe this is unlikely since variations in the intensity of electrical stimulation of cortex (which varies the volume of activated cortex and therefore is analogous to an expansion/reduction of the population of task-activated neurons) causes proportional changes in the magnitude (and no change in other characteristics) of the fluorescent signals detected in cortex and striatum ( Figure 6E; Figure S3D) . Nonetheless, future experiments will be directed at exploring the mechanistic basis of this intriguing neuronal compartment-specific phenomenon.
In summary, by designing and employing novel fiber photometry approaches, we measured real-time in vivo activity dynamics of discrete corticostriatal projections and provide direct evidence that parallel processing of associative and sensorimotor input activity encodes and predicts skill learning. This evidence challenges and refines existing views of corticostriatal function (Miyachi et al., 2002; Yin et al., 2009; Lohse et al., 2014; Lehé ricy et al., 2005; Thorn et al., 2010; Bassett et al., 2015; Wu et al., 2008; Gobel et al., 2011) . Thus, we propose an updated model of action learning in which transient cortical drive of the associative striatum and progressive reduction of activity in sensorimotor inputs occurs concurrently with postsynaptic potentiation in the sensorimotor striatum to efficiently encode actions ( Figure 8E ). Lastly, our findings reveal previously inaccessible neuronal projection-and compartment-specific processes that underlie normal cortico-basal ganglia function and provide a foundation for studying discrete circuit dysfunction in disorders of action control.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Emx1::Cre (B6.129S2-Emx1tm1(cre)Krj/J) and C57BL/6J mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). Rbp4::Cre mice (B6.FVB(Cg)-Tg(Rbp4-cre)KL100Gsat/Mmucd) were provided by Charles Gerfen at GENSAT. All Cre lines were backcrossed onto a C57BL/6J background for > 6 generations. Male and female Emx1::Cre, male Rbp4::Cre mice, and male C57BL6/J mice were housed 2-4/cage on a 12-h (06:30-18:30) light cycle with ad libitum access to rodent chow and water. Attempts were made to balance experimental groups by age, sex (Emx1::Cre mice), and housing condition. All behavioral studies were performed during the light phase. All animal protocols were approved by the US National Institute on Alcohol Abuse and Alcoholism (NIAAA) Animal Care and Use Committee and conducted in accordance with the National Institutes of Health (NIH) guidelines for animal research.
METHODS DETAILS Viruses and Stereotaxic Injections
Adeno-associated viruses (AAVs) encoding Cre-dependent GCaMP6s (AAV1.CAG::FLEX.GCaMP6s) and eGFP (AAV2/9.CAG:: FLEX.eGFP) were purchased from Penn Vector Core (Philadelphia, PA, USA). Herpes-simplex virus encoding Cre (HSV-Cre; HSV.hEF1a::IRES.Cre.mCherry) was purchased from Rachael Neve at the MIT McGovern Institute for Brain Research. All viral constructs were injected at titers > 10 12 genome copies/mL. All stereotaxic viral injections were conducted using aseptic surgical technique. Mice (age 6-14 weeks) were deeply anesthetized with 5% isoflurane in oxygen (v/v) and secured in a stereotaxic frame (Kopf Instruments, Germany). Sedation was maintained at 1%-2% isoflurane during surgery. A midline incision was made on the scalp and bilateral craniotomies were performed above the target regions. Bilateral injection coordinates for each region were (A/P, M/L from Viruses were microinjected using a 25-gauge syringe (86250, Hamilton) at a rate of 50 nL/min. GCaMP6s virus was injected bilaterally into mPFC or M1 at volumes of 200 or 300 nL/site, respectively. HSV-Cre was injected bilaterally into either DMS or DLS at a volume of 400 nL/site. After infusion, the needle was left in place for 5 min to allow for virus diffusion before the needle was slowly withdrawn. Incisions were closed and secured with VetBond tissue adhesive (1469Sb, 3M). Mice injected with GCaMP6s alone recovered for 6-8 weeks prior to fiber implantation; mice injected with HSV-Cre and GCaMP6s recovered for 8-10 weeks prior to implantation.
Stereotaxic Fiber Implantation
Using aseptic surgical technique and under isoflurane anesthesia, the skulls of previously injected mice were re-exposed and fitted with two miniature screws (Antrin Miniature Specialties, Inc.). Mice were implanted with an optical fiber (FG105UCA, ThorLabs) secured within a 2.5-mm ceramic ferrule (CF128, 2.5 mm OD, 128 um ID, ThorLabs) using fiber epoxy (F112, ThorLabs). Implant coordinates were approximately (A/P, M/L from Bregma, D/V from brain surface, in mm): mPFC (+1.5, ± 0.3, À0.8); M1 (+1.0, ± 1.5, À0.5); DMS (+1.0, ± 1.2, À1.8); DLS (+0.6, ± 2.4, À2.0). For simultaneous M1 microinfusions and DLS photometry, cannulas (C315GS-5-SP, Plastics One) were implanted at a 15 angle in M1 (+1.0, ± 1.0, À0.8), and fibers at an opposing 15 angle into DLS (+0.6, ± 2.8, À1.8). Fluorescence was detected by the fiber photometry system during implantation to guide optimal fiber placement. Dental cement was used to adhere the ferrule/fiber to the skull. Following surgery, mice were returned to group housing and left to recover for at least 1 week prior to behavioral testing and photometric recording. Approximately 20% of mice injected with GCaMP and implanted with an optical fiber exhibited GCaMP6s fluorescence that was detectable (generated a fluorescence spectrum that differed from background autofluorescence) and activity dependent (i.e., depressed by isoflurane or increased during rapid movements, and engaged above baseline during any of the 10 trials on day 1 of rotarod training). Insufficient GCaMP6s expression or misplaced fiber implantation, as confirmed by histological assessment of several unused mice, accounted for this success rate.
In Vivo Fiber Photometry Apparatus
Blue light from a 473-nm picosecond-pulsed laser (20 MHz; BDL-473-MC, Becker & Hickl) was directed into a cage cube (CM1-DCH, ThorLabs) onto a GFP dichroic filter (MD498, ThorLabs), and coupled using a FC/PC fiber coupler (PAFA-X-4-A, ThorLabs) into a multimode fiber patch cord (FG105UCA, 0.22 NA, 105/125um diameter core/cladding, ThorLabs) terminating in a ceramic ferrule (Cui et al., 2014; CF128, ThorLabs) . On each recording day, the ferrule end of the patch cord and the surgically implanted ferrule were cleaned with lens cleaner and paper (80919 and 806, Ted Pella), lightly coated with an index matching oil (Immersol 518F, Zeiss), and securely attached via a mating sleeve (ADAF1, ThorLabs). The continuous-wave-equivalent power of the light used to excite GCaMP6s in the brain was approximately 0.1 mW at the free end of the fiber. Fluorescence emission from the tissue was collected by the same fiber, directed using a fiber coupler (PAF-SMA-11-A, Thorlabs) into a 200-mm diameter core, anti-reflection-coated multimode fiber (M200L02S-A, ThorLabs), filtered through a 485-nm long-pass filter, and dispersed into spectra by a polychromator (PML-SPEC, Becker & Hickl). Spectra were projected onto a 16-channel photomultiplier tube (PMT) array. The array spanned an adjustable 106-nm wavelength window that was centered around 525 nm Becker & Hickl) . Individual photons were detected in each PMT channel and recorded by a time-correlated single photon counting (TCSPC) module Becker & Hickl) at a frequency of 20 Hz.
In Vivo Fiber Photometry Analysis
The shape, location, and amplitude of the TCSPC-derived fluorescence spectrum were used to confirm in vivo GCaMP6s expression. Custom data processing was used to calculate the integrated photon count of the fluorescence decay curves from select spectral channels as a measure of fluorescence intensity. Two spectral channels comprising the peak of the GCaMP6s spectrum served as 'peak' channels ($515-525 nm); these showed the strongest activity-dependent changes in fluorescence. Two shorter wavelength channels ($490-500 nm) that showed no activity-dependent changes in fluorescence intensity were labeled 'off peak' channels and served as a control signal for any movement artifacts. For rotarod trials, %DF/F was calculated as the difference between the integrated photon count (F) and the median integrated photon count of a 40 s baseline period (F MBL ) prior to mouse placement on the accelerating rotarod, divided by this median: %DF/F = [(F -F MBL )/F MBL ]*100. For in vivo anesthetized photometric recordings, F MBL was calculated using F values from the 5-s period immediately preceding electrical stimulation.
Two main forms of activity-dependent changes in fluorescence were observed in our experimental mice during rotarod trials: sustained changes in steady state/basal fluorescence, and transient changes in fluorescence (called ''events''). Sustained changes in fluorescence were commonly observed in groups targeted for presynaptic or somatic recordings; indeed, sustained increases in fluorescence often contained superimposed discrete fluorescent ''events.'' Changes in basal fluorescence predominated in mice targeted for associative and sensorimotor presynaptic inputs (mPFC-DMS and M1-DLS Inputs), whereas sustained and transient changes in fluorescence were routinely observed in mice targeted for associative and sensorimotor somata (mPFC-DMS and M1-DLS Somata). Thus, for consistency, and to directly compare presynaptic and somatic recordings, we calculated the average % baseline (BL) DF/F during rotarod performance (termed, task-related ''engagement'') for all experimental preparations, and fluorescent event frequency and magnitude in somatic preparations as a supplemental measure of neuronal activity. % BL DF/F was calculated for each rotarod trial using the fluorescent signal within the window from 10 s after trial onset to 10 s prior to trial termination. This window was selected to prevent contamination of the task-related signal by residual increases in GCaMP6 fluorescence induced by placement of the mouse on the rod, or any aberrant signal changes induced by variable and complex dismounts from the rod at the end of the trial. To calculate the slope of the presynaptic fluorescence, linear regressions were conducted for each rotarod trial using %DF/F values that spanned the window from 10 s after trial onset to 10 s prior to trial termination. To directly compare training-related fluorescence changes in two different neuronal preparations (e.g., %BL DF/F in mPFC-DMS Inputs versus M1-DLS Inputs), average trial %BL DF/F values of individual mice were normalized to the average trial %BL DF/F of their peak trial, and expressed as % change from peak trial, using the following equation:
To assess the frequency and magnitude of transient fluorescent events, %DF/F values were first baseline adjusted such that the minimum value in each trial was 0 (i.e., not negative). Acute fluctuations in %DF/F were considered fluorescent events if: [1] the interrogated %DF/F value was greater than m BL + 3s BL , where m BL and s BL were the mean and standard deviation of the 400-ms period of %DF/F values preceding the interrogated value; [2] the maximum of the 500-ms period of %DF/F values following the interrogated %DF/F value was greater than m BL + 5s BLTOT , where s BLTOT is the average standard deviation of all 400-ms periods preceding the putative fluorescent events as determined by criteria #1; [3] no fluorescent events were assigned within the 400-ms period preceding the interrogated %DF/F value. 'Baseline events' were those occurring within the 40 s baseline period prior to mouse placement on the accelerating rotarod. 'Trial events' were those occurring within the window from 10 s after trial onset to 10 s prior to trial termination. A 'rate modulation index' was calculated as [(Trial Event Rate) -(Baseline Event Rate)] / [(Trial Event Rate) + (Baseline Event Rate)] x 100.
To correlate photometric data with behavior, input disengagement rates were calculated for each mouse as 
Accelerating Rotarod
Mice were connected to an optical fiber and habituated for two daily 2-h periods at the base of a customized, computer-interfaced rotarod (EZRod, Omnitech Electronics) prior to day 1 of rotarod training. Every training day began with 1 h of habituation at the rotarod base. The blue laser was turned on for the final 30 min of this period to ensure stable photometric recordings that were uninfluenced by GCaMP6s fluorescence bleaching ( Figure S4H) . A TTL pulse from the rotarod triggered the TCSPC system to record fluorescence in 7-min blocks comprised of: a 40 s baseline period during which mice were at the rotarod base, a 20 s period during which mice were placed on rotating rod (4 rpm), a trial period of up to 300 s over which the rotarod accelerated from 4-40 rpm, and a post-trial period of at least 60 s. Mice were trained for 10 trials/day for 5 days using this 4-40 rpm paradigm. Trials were conducted every 10 min. Latency to fall from the rotarod was recorded during each trial. Individual trials were stopped and latency was recorded if mice held onto the rod for two consecutive rotations or reached 40 rpm. Mice were randomly assigned to undergo photometric recordings either on each of the 5 training days (D1-5), or on days 1 and 5 only (D1+5; Figure 4H ; Figures S4E, S7G , and S7H). Given no effect of additional laser exposure time (D2-4) on training-related changes in GCaMP6s fluorescence in the mPFC-DMS and M1-DLS input groups ( Figure 4H ), data from mice in each of the mPFC-DMS and M1-DLS somata groups that underwent photometric recordings on D1-5 (n = 3 per group; Figures S7G and S7H) were combined with those that underwent photometric recordings on D1+5 (n = 7 and 4 per group; Figure 7) . Following training on the 4-40 rpm paradigm, a random subset of mice was subsequently trained on a double acceleration 8-80 rpm paradigm and a constant 25 rpm paradigm.
Video Analysis of Rotarod Behavior
A high-definition camera (Med Associates) was mounted in view of the rotarod apparatus. Videos of a cohort of mice (n = 4) performing on the rotarod were recorded during all trials. As described by Cao et al. (2015) , foot position was measured using video-tracking software, Tracker (Douglas Brown, Open Source Physics). The first 60 s of each trial was analyzed (60 s corresponded to a period during which all mice stayed on the rotarod). The distance from the left rear paw to the top of the 3-cm rod was measured every two seconds. The average foot position and standard deviation of foot position during this 60-s time period was calculated.
In Vivo Anesthetized Field and Photometry Recordings Emx1::Cre, Rbp4::Cre, and C5BL/6J mice injected at age 6 -14 weeks with GCaMP6s virus (see above for brain targets) underwent in vivo electrophysiology and photometry recordings at age 23 -37 weeks (> 6 weeks post-injection). Mice were pre-anesthetized with 5% isoflurane (v/v) in oxygen, injected with urethane (1.5 g/kg, i.p.), and secured in a stereotaxic frame. Isoflurane was supplied during craniotomy procedures at 0.5%-2.0% (v/v) followed by oxygen upon completion. Isoflurane was provided to deepen the initial anesthesia level and ensure that mice felt no pain during the surgery. Oxygen was provided to improve the general condition of the mouse during recordings. Depth of anesthesia was monitored by regular hind leg withdrawal reflex tests and breathing rate assessments. A supplementary urethane injection (10% of initial dose) was administered if anesthesia depth diminished. Mouse body temperature was maintained at 37 C using a heating pad and DC Temperature Control System (FHC, USA). Craniotomies were performed using a dental drill (Osada, Japan) above target regions (A/P, M/L from Bregma, D/V from brain surface, in mm): stimulating electrode (25 angle) in mPFC (+1.5 to +1.7, +0.9 to 1.0, À1.9 to À2.2) or M1 (+1.0, +1.8 to 2.0, À0.9); recording electrode (10 angle) in DMS (+0.9 to 1.0, +1.8, À1.8 to À2.2) or DLS (+0.0, +3.0, À1.8 to À2.4); optical fiber (0 angle) in DMS (+0.8 to 1.2, +1.2, À1.9 to À2.5) or DLS (+0.6 to +1.0, +2.4, À1.9 to À2.5). Electrophysiological recordings of electrically-evoked field potentials (eFPs) were collected using a glass pipette (resistance $2 MU) pulled from borosilicate filamented glass (WPI, USA) on a Sutter P-97 puller (Sutter Instruments, USA) and filled with 0.9% sodium chloride (Hospira, USA). Electrically-evoked photometric responses were recorded using an optical fiber (FG105UCA, 0.22 NA, 105/125 mm diameter core/cladding, ThorLabs) connected to the TCSPC fiber photometry system used for freely moving recordings. Electrical stimulation was generated by a stimulus isolator (Isoflex, A. M. P. I., Israel) controlled by pClamp 9.2 software (Molecular Devices, USA) and delivered to the brain by a twisted bipolar tungsten electrode (PlasticsOne, USA) placed in cortex. Following recording, the optical fiber and recording glass capillary were removed from the brain, immersed in red fluorescent 1,1'-dioctadecyl-3,3,3 0 ,3 0 -tetramethylindocarbocyanine perchlorate (Di-I, Molecular probes, USA) dissolved in acetone (100 mg/mL), air-dried for 2-3 min, and placed again in the brain at the same depth (for 2-3 repetitions) to allow post-mortem verification of recording sites. Mice were euthanized with an overdose of urethane and transcardially perfused with 0.1 M PBS and 4% formaldehyde. Brains were collected and post-fixed in 4% formaldehyde at 4 C for 24 h prior to brain slicing and histological assessment. Stimulating electrode placement was verified by visual examination of tissue damage. Electrophysiological signal was acquired using an Axoclamp 2A amplifier, Digidata 1332a digitizer, and pClamp 9.2 software (Molecular Devices, USA).
Estimating Detection Volume of Fiber Photometry System
Mice expressing GFP in dopamine D2-receptor expressing neurons in the striatum (D2::GFP mice) were sacrificed, and their brains were excised, blocked near the bottom quarter of the striatum, and thinly glued to an opaque plastic dish ( Figure S2 ). D2::GFP mice were used to estimate the volume of brain tissue from which the fiber photometry system detects fluorescence because they express GFP relatively homogenously throughout the striatum. To estimate the maximum detection depth of the fiber photometry system (Cui et al., 2013) , an optical fiber was lowered through the fluorescent striatum toward the opaque surface. Prior to the depth at which the base of the cone of fluorescence detection reaches the opaque surface, the photon count should remain constant. Beyond this depth, the photon count should reduce as the number of fluorophores residing within the detection cone becomes progressively smaller. The detection depth was therefore estimated as the distance between the depth at which the photon count starts to decrease and the depth at which it nears zero. To estimate the width of the cone of fluorescence detection, D2::GFP mouse brains were mounted on a vibratome, an optical fiber was implanted horizontally into the middle of the striatum, and 50-mm horizontal slices were removed from the brain surface toward the fiber. Prior to the depth at which the widest portion of the detection cone is reached by the vibratome, the photon count should remain constant. Beyond this depth, the photon count should lessen as the number of fluorophores residing within the detection cone diminishes. The width of the detection cone was therefore estimated as the distance between the depth at which the photon count starts to decrease and the depth at which it is reduced by 50% (or when the vibratome blade hit the optical fiber). To assess any contribution of striatal fluorescence to the photometry signal detected from within cerebral cortex, photometric measurements were made as an optical fiber was lowered from the surface of D2::GFP brains into the striatum.
